Folding of the natural hammerhead ribozyme is enhanced
by interaction of auxiliary elements
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ABSTRACT

It has been shown that the activity of the hammerhead ribozyme at pM magnesium ion concentrations is markedly increased
by the inclusion of loops in helices I and 1. We have studied the effect of such loops on the magnesium ion-induced folding of
the ribozyme, using fluorescence resonance energy transfer. We find that with the loops in place, folding into the active
conformation occurs in a single step, in the pM range of magnesium ion concentration. Disruption of the loop-loop interaction
leads to a reversion to two-step folding, with the second stage requiring mM concentrations of magnesium ion. Sodium ions also
promote the folding of the natural form of the ribozyme at high concentrations, but the folding occurs as a two-stage process.
The loops clearly act as important auxiliary elements in the function of the ribozyme, permitting folding to occur efficiently

under physiological conditions.
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INTRODUCTION

Folding and activity are intimately related at a number of
levels in catalytic RNA species. These molecules must adopt
a structure that generates the local environment that accel-
erates a chemical reaction, while the RNA conformation
may contribute directly to catalysis via orientation and
proximity effects. In general, RNA folding requires metal
ions to neutralize the electrostatic charge of the phospho-
diester backbone. These ions can in principle be bound
tightly to the RNA and may play a direct role in the chem-
istry of catalysis by acting as a general acid/base or through
electrostatic effects.

The hammerhead ribozyme is the smallest member of the
class of nucleolytic ribozymes (Takagi et al. 2001; Fedor
2002; Lilley 2003a); autocatalytic species that bring about a
reversible site-specific cleavage of their backbone via a
transesterification reaction in which the 2’-oxygen attacks
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the 3’-phosphorus, with departure of the 5’'-oxygen to leave
a cyclic 2'-3"-phosphate. The hammerhead ribozyme (For-
ster and Symons 1987; Uhlenbeck 1987; Hazeloff and Ger-
lach 1988) comprises three helical sections (I, II, and III)
that are connected via an elaborated three-way helical junc-
tion (Fig. 1). Crystallography of the ribozyme has shown
that the folded structure is built around two elements (Pley
et al. 1994; Scott et al. 1995). Domain 1 is the probable
active site of the ribozyme, in which the CUGA sequence of
the single-stranded section connecting helices I and II forms
a uridine turn adjacent to the scissile phosphate. Domain 2
mediates the coaxial alignment of helices II and III, formed
by formation of consecutive GeA mismatches.

All the folding studies on the hammerhead ribozyme to
date have employed constructs that preserve the core se-
quences together with the helical arms that define the three-
way junction (Bassi et al. 1995, 1997; Amiri and Hagerman
1996; Menger et al. 1996; Hammann et al. 2001b; Bondens-
gaard et al. 2002; Mikulecky and Feig 2002; Rueda et al.
2003). However, there has been no attempt to maintain the
natural sequence within these arms, and they have been
frequently extended or terminated with unnatural tetraloop
sequences to suit particular experiments. A model for the
ion-induced folding of the ribozyme has emerged (Ham-
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FIGURE 1. The hammerhead ribozyme. (A) The sequence of the catalytic core of the ribo-
zyme, with the position of cleavage arrowed. The critical nucleotides are indicated in bold, and
the core and helices are numbered conventionally (Hertel et al. 1992). (B) Schematic showing
the minimal ribozyme, comprising the core and open helices I, II, and III. (C) The natural form
of the ribozyme found in many plant viroids, with terminal loops closing helices I and II. The
lengths of the helices shown here are taken from the ribozyme of the tobacco ringspot virus satellite
RNA (+) strand (Buzayan et al. 1986). (D) The form of the ribozyme found in a transcript of
Schistosome satellite DNA (Ferbeyre et al. 1998), with an internal loop present in helix 1.

mann and Lilley 2002) based on electrophoretic (Bassi et al.
1995, 1996), fluorescence (Bassi et al. 1997, 1999; Menger et
al. 2000), and nuclear magnetic resonance (Hammann et al.
2001b; Bondensgaard et al. 2002) studies. In the absence of
added metal ions, the hammerhead ribozyme exists in an
extended conformation with an open central core and no
pairwise helical stacking. Folding occurs by a sequential,
two-stage folding process, in which both stages are induced
by the noncooperative binding of divalent metal ions. The
first step involves the formation of the domain 2 structure
and occurs in the uM range of magnesium ion concentra-
tion (half-magnesium ion concentration [Mg**],,, ~ 100
uM). The uridine turn (domain 1) forms in the second
stage of folding, requiring mM magnesium ion concentra-
tion ([Mg”*],, ~ 2 mM). A two-stage, ion-induced folding
process is also indicated by calorimetric measurements
(Hammann et al. 2001a). The activity of the ribozyme as a
function of magnesium ion concentration parallels the fold-
ing (Dahm and Uhlenbeck 1991), with half-maximal rates
of cleavage at ~5 mM and virtually no detectable activity
below 1 mM. This can be well understood in terms of the
folding scheme, as the same (mM) concentrations of mag-
nesium ions are required for formation of domain 1 and the
acquisition of catalytic activity.

The magnesium ion concentration required for the fold-
ing and activity of this basic form of the ribozyme is higher

minimal hammerhead

than the free-ion concentration in the
cell. However, it has recently been
shown that forms of the ribozyme that
preserve more of the natural sequence
exhibit activity in uM concentrations
of magnesium ions (De la Pena et al.
2003; Khvorova et al. 2003), a concen-
tration that is two orders of magni-
tude lower than that required for pre-
viously studied forms of the ribozyme.
This marked effect requires the pres-
ence of terminal loops found in helices
II and III of some hammerhead ribo-
zymes, and permutation experiments
together with molecular modeling sug-
gested that these would interact. Evi-

dently, these features, which had been

S. mansoni hammerhead

deleted from the species previously
studied, were required for catalytic
function under physiological condi-
tions. It was consequently proposed that
a tight interaction between the loops
would change the folding pathway by
stabilization of the final conformation
in which helices II and III were physi-
cally close, perhaps allowing the ion-in-
duced folding to proceed in a single
stage at substantially lower magnesium
ion concentration (Lilley 2003b).

In this work we have set out to examine whether or not
the ion-induced folding of the natural form of the ham-
merhead ribozyme is altered from that of the minimal form.
We have used fluorescence resonance energy transfer
(FRET) to study the relative orientation of helical arms
during the folding process. For these experiments we have
used a slightly different form of the ribozyme, the one oc-
curring in Schistosoma mansoni, where helix I contains an
internal loop (Chartrand et al. 1995; Ferbeyre et al. 1998), as
opposed to the terminal loop occurring in hammerhead
species from other sources. We show that both folding and
activity of this ribozyme occur in uM concentrations of
magnesium ions, but that the properties revert to those of
the minimal ribozyme if the loop—loop interaction is per-
turbed.

RESULTS

FRET analysis of the folding of the loop-carrying form
of the hammerhead ribozyme

We have studied the ion-induced folding of the hammer-
head ribozyme with the sequence of that found in Schisto-
soma mansoni (Chartrand et al. 1995; Ferbeyre et al. 1998)
by means of FRET, using the construct shown in Figure 2.
The ribozyme was constructed from two strands (named
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FIGURE 2. Nucleotide sequence of the hammerhead constructs used
in the FRET analysis of folding. These are drawn in a way that ap-
proximates the final folded conformation. Both constructs were as-
sembled from two strands. Strand 1 and 1’ (normal type) were gen-
erated by transcription, whereas strand 3 (bold type) was made by
chemical synthesis. Strand 3 also incorporated C17 as a 2'-deoxyribo-
nucleotide (open type), to prevent ribozyme action, Cy3 at the 5
terminus, and 5-fluorescein deoxyribouridine (Flu) three nucleotides
from the 3’ terminus. This places the donor and acceptor fluorophores
near the termini of helices I and III, respectively. (A) The natural
sequence ribozyme, with terminal and internal loops. (B) Variant
sequence generated by hybridization of an alternative strand 1'. This
removes the internal loop of helix I by complementation, lengthens
helix II by 3 bp, and replaces the terminal loop with a stable tetraloop
sequence.

according to the helix that contains their 5" termini), which
is possible in this form of the ribozyme because of the
absence of a terminal loop in helix I. Strand 1 is a 51-nt
RNA molecule that was made by transcription. Strand 3
was prepared by chemical synthesis; it contains a Cy3 at the
5" terminus and a 5-fluorescein-deoxyuracil substitution
near the 3’ terminus. Ribozyme cleavage was prevented by
substitution of 2’-deoxyribocytidine at position 17, which
removes the nucleophile in the transesterification reaction.
Hybridization of these two strands generates the species
shown in Figure 2A, with the donor (fluorescein) and
acceptor (Cy3) fluorophores attached at or near the ends
of helices 1 and III, respectively. These should become
further apart as the ribozyme folds into its active confor-
mation, leading to a reduction in the efficiency of energy
transfer as the concentration of divalent metal ions is in-
creased.
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The loop-carrying form of the hammerhead ribozyme
folds in pM concentrations of magnesium ions

We have analyzed the ion-induced folding of the ribozyme
by measuring the efficiency of energy transfer (Epgpr) be-
tween the fluorophores attached to helices I and III (Fig.
2A) as a function of magnesium ion concentration (Fig. 3).
On addition of magnesium ions, the value of Epppr reduced,
corresponding to a conformational transition that resulted
in helices I and III becoming further apart. The FRET effi-
ciency reduced even for the smallest increases in ion con-
centration, and the process occurred principally in the uM
range of magnesium ion concentration. The data are well
fitted by a two-state model (equation 1), giving a Hill co-
efficient of n = 0.85 and a half-point of [Mg**],,, = 160 pM
(R=10.998). No evidence for an intermediate state was de-
tected; folding appeared to occur in a single step, induced
by the noncooperative binding of magnesium ions. These
data are in marked contrast to those obtained in analogous
experiments using the minimal form of the ribozyme con-
taining the core, but lacking the loop-carrying helices I and
I (Bassi et al. 1997). The minimal ribozyme (i.e., with loops
removed) folded in two stages, with an initial increase in
FRET efficiency for the I-III vector, before reducing in a
second, separate transition that occurred in the mM con-
centration range. No significant improvement in the fit to
the data for the loop-carrying ribozyme could be obtained
by allowing for a second transition. Thus, the natural form
of the ribozyme undergoes magnesium ion-induced folding
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FIGURE 3. FRET analysis of the folding of the natural ribozyme
induced by addition of magnesium ions. Efficiency of fluorescein-Cy3
energy transfer (Epppr) for the construct shown in Figure 2A is plotted
as a function of magnesium ion concentration. The data have been
fitted to a two-state binding model, given by equation 1. The insert
shows the same data and fit plotted on a logarithmic scale of magne-
sium ion concentration.



Loops promote hammerhead ribozyme folding

at a concentration that is substantially lower than that for
the minimal form.

The natural form of the hammerhead ribozyme is
active in pM concentrations of magnesium ions

Because the loop-carrying ribozyme folds in the presence of
UM concentrations of magnesium ions, we examined the
cleavage activity of the same form of the ribozyme under
these conditions. Single-turnover cleavage experiments
were performed using the ribozyme shown in Figure 4A.
The core and loop-carrying arms of the ribozyme were
identical to those of the ribozyme used for the folding ex-
periments, except that the deoxycytidine at position 17 was
replaced by ribocytidine, and the fluorophores were not
present. To ensure rapid dissociation of the 5" product of
cleavage, we used a version of the ribozyme in which helix
III was only 5 bp in length, and it was consequently found
necessary to add 500 mM NaCl to stabilize the ribozyme.
Radioactively [5'-**P]-labeled strand 3 was incubated with a
1000-fold excess of strand 1 in the presence of 100 uM
magnesium ions plus the indicated monovalent ion con-
centration, and conversion to product was analyzed by gel
electrophoresis and phosphorimaging (Fig. 4B, closed
circles). Almost complete cleavage of the substrate strand
occurred under these conditions, and the data fitted to a

A B

single exponential giving a rate of cleavage of k., = 0.05
min~'. A modified form of the ribozyme in which the loop
of helix I was removed by complementary base-pairing was
incubated under identical conditions. This form gave vir-
tually no cleavage during the 30-min incubation (Fig. 4B,
open circles).

Disruption of loop—loop interaction abolishes folding
at low magnesium ion concentration

Although it seemed very likely that the folding of the loop-
carrying form of the ribozyme in pM magnesium ion con-
centrations was the result of an interaction between the
loops, we tested this by disrupting the interaction and ana-
lyzing the folding of the modified species by FRET, as be-
fore. We therefore generated a modified strand 1’, resulting
in a removal of the internal loop of helix I by complemen-
tation of base-pairing, and a lengthened stem-loop 1II ter-
minated by a stable tetraloop (Fig. 2B). This should leave no
possibility of any residual interaction between the two
loops. This strand was hybridized to the same fluorescein,
Cy3-labeled strand 3 as before, and FRET efficiency was
measured as a function of magnesium ion concentration
(Fig. 5). The resulting changes in FRET are quite different
from those exhibited by the natural form of the ribozyme.
Folding occurs in two distinct steps, with an initial increase
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FIGURE 4. Ribozyme cleavage of the natural form of the hammerhead in the presence of low magnesium ion concentration. Cleavage activity
of natural and variant ribozymes was studied under single-turnover conditions. (A) Sequences of the natural and variant ribozymes used in these
experiments. The ribozyme is similar to that used in the FRET experiments (Fig. 2), except that helix III was reduced to 5 bp in length to facilitate
product release. Strand 3 was synthesized with ribocytidine at position 17 to permit ribozyme activity. The variant was constructed using a
modified strand 3 such that helix I is now fully base-paired, thereby removing the internal loop. Strand 3 was radioactively [5'-*?P] labeled in
these experiments. The site of ribozyme cleavage is arrowed. (B) Progress curve of ribozyme cleavage. The fraction of cleaved RNA is plotted as
a function of time and is fitted to a single exponential (equation 3) for the natural (closed circles) and variant (open circles) ribozymes.
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FIGURE 5. FRET analysis of the folding of the variant ribozyme in
which loop-loop interaction has been disrupted, induced by addition
of magnesium ions. Efficiency of fluorescein-Cy3 energy transfer
(Egggr) for the construct shown in Figure 2B is plotted as a function
of magnesium ion concentration. The data have been fitted to a three-
state binding model, given by equation 2. The inset shows the same
data and fit plotted on a logarithmic scale of magnesium ion concen-
tration.

in Epppr at low magnesium ion concentration, followed by
a reduction in the mM range. These results are very similar
to those observed previously for the minimal form of the
ribozyme (Bassi et al. 1997). A good fit of the data requires
a model involving two separate transitions induced by non-
cooperative ion binding (equation 2), with values of
[Mg®*],, =55 uM and 2 mM (R = 0.997).

Separate folding transitions observed in sodium ions

We have examined the folding of the loop-carrying form of
the ribozyme induced by the addition of sodium ions. Using
the form of the ribozyme shown in Figure 2A, we studied
the FRET efficiency as a function of sodium ion concentra-
tion (Fig. 6A). We observed an overall reduction in FRET
efficiency with addition of sodium ions, indicating that a
similar conformational transition is induced. As expected,
very much higher concentrations of sodium ions are re-
quired to induce folding. Interestingly, in contrast to the
results using magnesium ions, we observed a small increase
in Epgpr at the lower sodium ion concentrations. It appears
that the presence of monovalent ion results in a separation
of two distinct transitions in the folding of the hammer-
head ribozyme despite the presence of the loops. The
main transition at higher sodium ion concentration has a
[Na'],, =220 mM (R=0.998). Very similar two-stage
folding was observed by the addition of lithium ions, al-
though the smaller ion was a little more efficient in induc-
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ing folding, with [Li*],, =110 mM (R =0.999; data not
shown). We also studied the sodium ion-induced folding of
the loop-disrupted variant of Figure 2B; the FRET data are
plotted in Figure 6B. In the absence of loop—loop interac-
tion, both transitions require significantly higher ion con-
centrations, and the second stage is clearly incomplete at
700 mM sodium, with [Na*];,, = 540 mM (R = 0.995).

In view of the different behavior of the natural form of
the hammerhead in divalent and monovalent cations we
examined the effect of addition of sodium ions to ribozyme
that was already substantially folded in the presence of mag-
nesium ions. Using the fluorescent vector shown in Figure
2A, we studied FRET efficiency as a function of sodium ion
concentration in the presence of a constant background
concentration of 100 pM of magnesium ions. Despite be-
ginning from a folded state before addition of the mono-
valent ions, addition of sodium ions up to 100 mM brought
about an increase in Epppp, indicating an initial reversal of
the folded state. At higher concentrations of sodium ions,
the FRET efficiency reduced once again, consistent with a
sodium ion-induced folding with [Na'],,, =230 mM
(R=0.998). The ribozyme is substantially folded in the
presence of 100 pM magnesium, 500 mM sodium; that is,
the conditions under which the cleavage reaction was stud-
ied (Fig. 4).

DISCUSSION

Our results clearly demonstrate that the ion-induced fold-
ing of the hammerhead ribozyme is greatly enhanced by the
presence of the loops in helices I and II. The observed
activity of these natural forms of the ribozyme at pM mag-
nesium ion concentrations may be explained by their ability
to undergo folding at substantially lower ion concentrations
compared with the minimal forms. Disruption of the pro-
posed loop—loop interaction leads to a reversion to two-step
folding at mM magnesium ion concentrations. These con-
centrations are significantly higher than those likely to exist
inside living cells, and this explains why the loops are es-
sential for the activity of transfected RNA in vivo (Khvorova
et al. 2003).

The minimal form of the ribozyme (from which the
loops have been removed) folds in two distinct steps, clearly
shown by the FRET analysis of the variant species shown in
Figure 5. We have shown previously that the two stages
correspond to the formation of domain 2, occurring at uM
magnesium ion concentration, followed by domain 1 at
mM magnesium ion concentration (Hammann et al
2001b). This is depicted in Figure 7. We were unable to fit
the measured FRET efficiencies for the complete ribozyme
(i.e., with the loops present) to a model that introduced an
intermediate species in the folding process. It seems im-
probable that formation of domain 2 (i.e., interconversion
of states U and I) would be affected by the presence of the
loops, but a tight tertiary interaction should stabilize the
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FIGURE 6. FRET analysis of the folding of the hammerhead ribozyme induced by addition of sodium ions. Efficiency of fluorescein-Cy3 energy
transfer (Egpgpy) for the construct shown in Figure 2A was studied as before. The data have been fitted to a three-state binding model, given by
equation 2. (A) FRET efficiency for the natural ribozyme as a function of sodium ion concentration. (B) FRET efficiency for the variant
(loop-disrupted, Fig. 2B) ribozyme as a function of sodium ion concentration. (C) FRET efficiency for the natural ribozyme as a function of
sodium ion concentration in the presence of a constant 100 pM magnesium ions.

final structure (state F), potentially increasing the rate k,,
and almost certainly reducing k_,. Thus, the equilibrium
between the intermediate (I) and final states will be shifted
toward the fully folded ribozyme by the loop—loop interac-
tion in the presence of magnesium ions. Sodium ions in-
duce folding of the loop-carrying ribozyme at very high
concentrations, but a two-stage transition is observed. Thus
the monovalent ion is less effective at stabilizing the loop—
loop interaction so that the final state is less favored in the
conformational I <> F equilibrium. Interestingly, the fold-
ing of the natural ribozyme in magnesium ions is reversed
by intermediate concentrations of sodium ions. This sug-
gests that the magnesium ions are displaced by concentra-
tions of monovalent ions that are unable to induce folding

by themselves, consistent with two distinct modes of bind-
ing by the different metal ions.

A tight interaction between the loops might also affect
the local structure within the core of the ribozyme. This
may explain the different initial and final FRET efficiencies
observed for the two forms of the ribozyme, but the inter-
pretation of this state is complicated by the possible effects
of the internal loop on the trajectory of helix I, altering the
position of the fluorescein with respect to the Cy3. How-
ever, it has been observed that chemical cross-linking of
helices I and II leads to significant enhancement in the
efficiency of the ligation reaction by the hammerhead ribo-
zyme (Stage-Zimmermann and Uhlenbeck 2001; Blount
and Uhlenbeck 2002). Subtle changes in the ribozyme core
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FIGURE 7. A folding scheme for the hammerhead ribozyme. Schematic to show the two-stage
folding scheme previously proposed for the hammerhead ribozyme. State U exists in the
absence of added metal ions, in which the three helical arms extend from an open central core.
On addition of metal ions, the minimal ribozyme undergoes folding in two steps, correspond-
ing to the two transitions observed in Figure 5. In the first stage, domain 2 is formed, resulting
in a coaxial alignment of helices IT and III (state I). Further increase in metal ion concentration
leads to the folding of the catalytic core (domain 1), reorienting helix I into the same quadrant
as helix II (state F). The presence of the loops in helices I and II leads to folding at pM
magnesium ion concentration, with no form I detectable. The stabilization of form F by the
loop—loop interaction drives the I <> F equilibrium such that form I is not observed. However,
form I is detected at intermediate ionic concentrations in the same construct when sodium

replaces magnesium ions.

might result in a better alignment of the substrates for li-
gation. It is also likely that some rearrangement within the
core is required for the cleavage reaction. A series of con-
formational changes has been observed by crystallography
of different forms of the ribozyme (Scott et al. 1996; Murray
et al. 2000, 2002), including a form in which helices I and
IT have become tethered by strand exchange (Dunham et al.
2003). It has been proposed that a larger-scale rearrange-
ment is required to achieve the activated complex (Wang et
al. 1999). In principle, any such local changes in structure
might be affected by the loop-loop interaction. This will
require further analysis, focusing on more local conforma-
tional changes within the ribozyme core.

The role of the loops in the folding of the hammerhead
ribozyme suggests a clear parallel with another nucleolytic
ribozyme, the hairpin ribozyme (Fedor 2000; Lilley 2001;
Rupert and Ferré-D’Amaré 2001). The active center of the
hairpin is formed by the close interaction of two internal
loops that are presented on two helical arms of a four-way
junction (Murchie et al. 1998; Rupert & Ferré-D’Amaré
2001). However, rather like the situation with the hammer-
head, the great majority of earlier studies of the hairpin
ribozyme employed a simplified version in which the junc-
tion was removed and the two loop-carrying helices were
connected by a phosphodiester hinge point. Unsurprisingly,
however, the junction has a major effect on the folding and
activity of the ribozyme. Folding of the natural form occurs
at a magnesium ion concentration that is three orders of
magnitude lower than that of the simplified hinged form
(Zhao et al. 2000), and it thus results in activity under

886  RNA, Vol. 10, No. 5

physiological conditions. Time-resolved
FRET studies confirmed that the stabi-
I lization of the folded form was the
result of the four-way junction (Walter
et al. 1999), and recent FRET studies on
single-ribozyme molecules have dem-
onstrated that the junction accelerates
the folding 500-fold by virtue of intro-
ducing an additional, distinct interme-
diate state into the folding process that
presents the loops for interaction (Tan
et al. 2003). The net result of this is that
the folding of the ribozyme is not rate
limiting, unlike the case of the minimal,
hinged form (Zhuang et al. 2002). Liga-
tion activity of the hairpin ribozyme is
significantly enhanced by the presence
of the four-way junction (Fedor 1999).
Both the hammerhead and hairpin
ribozymes have been oversimplified in
early studies, resulting in species that
were seriously impaired because of re-
moval of elements that are critical for
efficient folding under physiological
conditions. We can regard these auxil-
iary elements as “folding enhancers”; these are essential for
efficient folding under physiological conditions, although
they do not participate directly in the chemistry of catalysis.
This provides an object lesson for the future, in taking care
not to remove elements that are vital for the function of the
RNA, and further underlines the intimate connection be-
tween folding and catalysis in the ribozymes.

| domain

state F

MATERIALS AND METHODS

Construction of hammerhead species for fluorescence

The hammerhead species used for analysis of folding were con-
structed from two RNA species (as in Fig. 2). The sequences were
(all written 5’ to 3'): strand 1, GCGAGCAGGUACAUCCAGCUGAUGAGUC
CCAAAUAGGACGAAACGCCAUGG; strand 3, Cy3-CCAUGGCGUCCUGGAUUC
CACUGC(F-du)cG, where F-dU indicates 5-fluorescein deoxyuracil
substitution, and 2’-deoxyribose nucleotides are underlined. A
variant strand 1 was also prepared: strand 1’, GCGAGCAGUGGAAUC
CAGCUGAUGAGUCCUGCAAAGGCAGGACGAAACGCCAUGG, in which the in-
ternal loop of helix I was removed by complementation of base-
pairing, and stem-loop II was modified.

Strands 1 and 1" were synthesized by transcription using T7
RNA polymerase from single-stranded DNA templates (Milligan
et al. 1987). Strand 3 was chemically synthesized using tBDMS
phosphoramidite chemistry (Beaucage and Caruthers 1981), as
described previously (Wilson et al. 2001). The fluorophores 2'de-
oxyuracil-5-fluorescein and Cy3 were coupled as phosphora-
midites (Glen Research). RNA was purified by electrophoresis in
12% polyacrylamide gels containing 7 M urea. RNA was extracted
from gel slices by electroelution into 8 M ammonium acetate,



Loops promote hammerhead ribozyme folding

recovered by ethanol precipitation, and dissolved in water. The
fluorescent strand 3 was further purified by reversed-phase high-
pressure liquid chromatography.

Hammerhead constructs were prepared by incubating stoichio-
metric amounts of the two oligonucleotides in 90 mM Tris-borate
(pH 8.3) for 10 min. at 80°C, followed by slow cooling. The
hybridized species were purified by electrophoresis in a polyacryl-
amide gel at 4°C for 22 h at 120 V. The buffer system contained 90
mM Tris-borate (pH 8.3) and was recirculated at >1 L/h. The RNA
was excised and electroeluted into 8 M ammonium acetate and
recovered by ethanol precipitation.

FRET analysis of folding

Fluorescence spectra were recorded in the steady state at 4°C using
an SLM-Aminco 8100 fluorimeter. Spectra were corrected for
lamp fluctuations and instrumental variations, and polarization
artifacts were avoided by setting excitation and emission polarizers
crossed at 54.7°. Values of Ex were measured using the acceptor
normalization method (Clegg 1992). FRET data for the natural
form of the ribozyme were fitted to a two-state model:

Kl[Mg2+]l1

E =e+Ae ——
e 1+ K [Mg™]"

M
where e, is the FRET efficiency in the absence of added metal ions,
Ae is the change in FRET on addition of magnesium ions (with a
negative sign for the I-II vector), K, is an apparent association
constant for magnesium ions, and n is a Hill coefficient. For the
folding induced by sodium ions, and the folding of the variant
form of the ribozyme, it was necessary to add a further term in the
equation:

Kl[Mg2+]“
1+K,[Mg*]"

Kz[Mg2+]m

Epppr = € + Ae —==
1+ K,[Mg*]™

i 2 )
where K, and m are the apparent association constant and Hill
coefficient for the second transition. Ae, and Ae, are changes in
FRET efficiency occurring in the two transitions (positive and
negative respectively). The half-metal ion concentration ([Mg**],,,
or [Na'],,,) is calculated as (1/K)*", where K is the apparent

association constant and n the Hill coefficient.

Ribozyme cleavage assay

All RNA for analysis of ribozyme cleavage was chemically synthe-
sized using ACE chemistry (Scaringe 2000) to construct the species
shown in Figure 4A. The ribozyme and substrate strands had
the following sequences: strand 1, GCAGGUACAUCCAGCUGAUGAGUC
CCAAAUAGGACGAAACGGG; strand 3, CCCGUCCUGGAUUCCACUGC.

A modified substrate strand that removes the internal loop was
also synthesized: strand 3, CCCGUCCUGGAUGUACCUGC.

Strands 3 and 3’ were radioactively [5'-?’P] labeled using
[y->*P]-ATP and polynucleotide kinase (Maxam and Gilbert
1980). Strand 1 plus strand 3 or 3’ were annealed in 100 mM
Hepes (pH 7.0), 5 uM EDTA by heating at 94°C for 1 min, fol-
lowed by slow cooling to 25°C. The cleavage reaction was initiated
by adjusting the solution to final concentrations of 50 mM Hepes
(pH 7.0), 100 uM MgCl,, 500 mM NaCl. Substrate and product

were separated by polyacrylamide gel electrophoresis, and the ex-
tent of cleavage was estimated by exposure to storage phosphor
screens and imaging. The first-order rate of cleavage (k,,,) was
calculated by fitting to

fi=1—exp(kgpt) (3)

where f, is the fraction cleaved at time t.
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